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ABSTRACT
In external Compton scenario, we investigate the formation of the very hard electron
spectrum in the fast-cooling regime, using a time-dependent emission model. It is
shown that a very hard electron distributionN ′
e
(γ′) ∝ γ′−p with the spectral index p ∼
1.3 is formed below the minimum energy of injection electron when inverse Compton
scattering takes place in the Klein-Nishina regime, i.e., inverse Compton scattering of
relativistic electrons on broad-line region radiation in flat spectrum radio quasars. This
produces a very hard gamma-ray spectrum, and can reasonably explain the very hard
Fermi-LAT spectrum of the flat spectrum radio quasar 3C 279 during the extreme
gamma-ray flare in 2013 December.
Key words: radiation mechanisms: non-thermal — galaxies: jets — gamma rays:
galaxies
1 INTRODUCTION
Leptonic models have met with considerable successes in
modelling the broadband (from radio to γ-ray frequen-
cies) spectral energy distribution (SED) of all classes
of blazars (e.g., Ghisellini et al. 2010; Zhang et al. 2012;
Ghisellini et al. 2014; Yan et al. 2016). In leptonic models,
non-thermal emission is produced by synchrotron emission
of relativistic electrons in a comoving magnetic field and in-
verse Compton (IC) emission of relativistic electrons on low
energy photons. For IC scattering, low-energy seed photons
may be provided by synchrotron radiation (synchrotron-self
Compton, SSC) and various external radiation fields (EC):
(1) accretion disk radiation (EC-disk; Dermer & Schlickeiser
1993, 2002), (2) broad-line region (BLR) radiation (EC-
BLR; Sikora et al. 1994), and (3) dust IR radiation (EC-
dust; B laz˙ejowski et al. 2000). Time-dependent leptonic
models have been developed to study the observed variabil-
ity features (e.g., Mastichiadis & Kirk. 1997; Li & Kusunose
2000; Kusunose et al. 2000; Bo¨ttcher & Chiang 2002;
Bo¨ttcher & Dermer 2010; Chen et al. 2012; Saito et al.
2015).
Relativistic electron energy distribution (EED) is cru-
cial for studying the non-thermal radiation from blazars.
A static broken power-law EED (see Yan et al. 2013;
Zhou et al. 2014, for constraining various EEDs with
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observations) is frequently used to model the SEDs
of blazars (e.g., Tavecchio et al. 1998; Finke et al. 2008;
Mankuzhiyil et al. 2011; Yan et al. 2012a, 2014; Zhang et al.
2014; Kang et al. 2014). An initial single power-law electron
distribution can be deformed to become a broken power-
law distribution due to radiative energy losses. In short, in
the slow-cooling regime (i.e.,the minimum energy of injected
EED γ′min less than the broken energy γ
′
b of cooled EED),
the electron spectrum below γ′b has a spectral index p = s,
where s is the spectral index of the injected single power-
law EED; above γ′b, the spectrum is softened by cooling,
and has an index s + 1. In the fast-cooling regime (i.e.,
γ′b = γ
′
min), p ∼ 2, independent of s; above γ
′
min, the
spectrum also has an index s + 1 (e.g., Dermer & Menon
2009; Finke 2013). Note that standard shock acceleration
theories predict s ∼ 2. Modelling the SEDs of Fermi-LAT
detected blazars (Abdo et al. 2010) returns a standard elec-
tron spectrum with p ∼ 2 below γ′b (e.g., Yan et al. 2012a,
2014; Zhang et al. 2012; Kang et al. 2014).
However, the standard picture mentioned above faces
challenges when trying to explain the very hard TeV emis-
sion detected for several high-synchrotron-peaked BL Lac
objects (HSPs), e.g., 1ES 1101-232 and 1ES 0229+200. Var-
ious approaches have been proposed to explain the very
hard TeV spectrum of HSPs: the leptonic models in ex-
treme regime (e.g, Katarzyn´ski et al. 2006; Tavecchio et al.
2009), the modified leptonic models in normal regime (e.g.,
Lefa et al. 2011; Bo¨ttcher et al. 2008; Yan et al. 2012b), and
the Ultra-high energy cosmic rays propagation models (e.g.,
Essey et al. 2011; Murase et al. 2012; Yan et al. 2015).
c© 2015 The Authors
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The recently observed very hard GeV spectrum of the
flat spectrum radio quasar (FSRQ) 3C 279 during an ex-
treme γ-ray flare (Hayashida et al. 2015) also challenges the
standard picture. Modeling by Hayashida et al. (2015) with
a broken power-law EED showed that a very hard elec-
tron spectrum with p ∼ 1 below γ′b ∼ 3000 is required
to explain this very hard Fermi-LAT spectrum. In the slow-
cooling regime, such a hard emitting electron spectrum re-
quires a very hard injection electron distribution. Several
mechanisms have been proposed to produce a very hard
injection electron distribution, for example, magnetic re-
connection (e.g., Zenitani & Hoshino 2001; Guo et al. 2014,
2015; Sironi & Spitkovsky 2014; Werner et al. 2016) and rel-
ativistic shock (e.g., Stecker, Baring, & Summerlin 2007).
Asano & Hayashida (2015) recently explained the very hard
GeV spectrum in a stochastic acceleration model.
Here we study the formation of the very hard electron
spectrum of FSRQ in the fast-cooling regime. We show that
a very hard electron spectrum with p ∼ 1.3 below minimum
injection energy is produced in the fast-cooling regime ow-
ing to IC scattering on BLR radiation in the Klein-Nishina
(KN) regime. This produces very hard EC components,
which can reasonably account for the very hard Fermi-LAT
spectrum of 3C 279. In Section 2, we describe our model;
numerical results are showed in Section 3. In Section 4,
we apply our approach to the very hard Fermi-LAT spec-
trum of 3C 279. In Section 5, we give summary and discus-
sion. Throughout the paper, we use cosmology parameters
H0 = 71 km s
−1 Mpc−3, Ωm = 0.27, ΩΛ = 0.73.
2 MODEL
2.1 Model Description
In a one-zone leptonic model, it is assumed that the emission
is produced by relativistic electrons injected in a homoge-
neous blob of comoving radius R′. The emission blob moves
with relativistic speed (corresponding to the bulk Lorentz
factor Γ) towards us. Due to the beaming effect, the ob-
served emission is strongly boosted. For a blazar, we assume
the Doppler factor δD = Γ. Note that quantities in the frame
comoving with the jet blob are primed.
Relativistic electrons lose energy due to synchrotron
and IC radiation. The kinetic equation governing the tem-
poral evolution of the electrons distribution N ′e(γ
′, t′) is
∂N ′e(γ
′, t′)
∂t′
=
∂
∂γ′
[γ˙′N ′e(γ
′, t′)]−
N ′e(γ
′, t′)
t′esc
+Q′(γ′, t′) , (1)
where N ′e is the differential electron number and t
′
esc the
escape timescale. γ˙′ is the total cooling rate, and Q′(γ′, t′)
is the electron injection rate.
We take into account radiative cooling due to syn-
chrotron radiation, SSC and EC. Therefore, we have
γ˙′(r) = γ˙′syn + γ˙
′
SSC + γ˙
′
EC(r). (2)
The synchrotron cooling rate is given by
γ˙′syn =
4cσT
3mec2
uBγ
′2 , (3)
where
uB =
B′2
8π
is the magnetic energy density and B′ the comoving mag-
netic field, c is the speed of light, me is the electron mass,
and σT is the Thomson cross section.
The SSC cooling rate using the full KN cross section is
(e.g., Jones 1968; Bo¨ttcher et al. 1997; Finke et al. 2008)
γ˙′SSC =
3σT
8mec
∫
∞
0
dǫ′
u′syn(ǫ
′)
ǫ′2
G(γ′ǫ′) (4)
where
G(E) =
8
3
E
1 + 5E
(1 + 4E)2
−
4E
1 + 4E
(
2
3
+
1
2E
+
1
8E2
)
+ ln(1 + 4E)
(
1 +
3
E
+
3
4
1
E2
+
ln[1 + 4E]
2E
−
ln[4E]
E
)
−
5
2
1
E
+
1
E
∞∑
n=1
(1 + 4E)−n
n2
−
π2
6E
− 2,
and u′syn(ǫ
′) is the spectral energy density of synchrotron
radiation.
A fairly accurate approximation for the EC cooling
rate, valid in the Thomson through Klein-Nishina regimes,
is given by Moderski et al. (2005), and it is
γ˙′EC =
4cσT
3mec2
u′0γ
′2fKN(4γ
′ǫ′0) , (5)
where u′0 and ǫ
′
0 are the energy density and dimensionless
photon energy, respectively, of the external radiation field in
the comoving frame of blob. The correction function for KN
effect is given by
fKN(x) =
1
(1 + x)1.5
. (6)
The external radiation includes emissions from broad-
line region (BLR) and infrared dust torus. Their energy den-
sities in the comoving frame as the functions of the dis-
tance r from the black hole are given by (Sikora et al. 2009;
Hayashida et al. 2012)
u′BLR(r) =
Γ2τBLRLdisk
3πr2BLRc[1 + (r/rBLR)
3]
, (7)
u′dust(r) =
Γ2τdustLdisk
3πr2dustc[1 + (r/rdust)
4]
, (8)
where τBLR and τdust are the fractions of the disk lumi-
nosity reprocessed into BLR radiation and into dust ra-
diation, respectively. The typical values of τBLR ∼ 0.1
(e.g., Ghisellini et al. 2014) and τdust ∼ 0.3 (e.g., Hao et al.
2005; Malmrose et al. 2011) are adopted in the following
calculations. The sizes of BLR and dust torus are related
to the disk luminosity Ldisk (Ghisellini & Tavecchio 2009;
Ghisellini et al. 2014), i.e.,
rBLR = 10
17(Ldisk/10
45 erg s−1)1/2 cm, (9)
rdust = 10
18(Ldisk/10
45 erg s−1)1/2 cm. (10)
Then, we have
u′BLR(r) ≃
0.3Γ2τBLR
1 + (r/rBLR)3
erg cm−3, (11)
MNRAS 000, 1–8 (2015)
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Figure 1. Cooling time for synchrotron radiation and EC pro-
cesses. B′ = 1 G and Γ = 30 are used.
u′dust(r) ≃
0.003Γ2τdust
1 + (r/rdust)4
erg cm−3. (12)
Therefore, u′0 is also a function of r, i.e.,
u′0(r) = u
′
dust(r) + u
′
BLR(r). (13)
BLR and IR dust radiation is assumed to be a diluted
blackbody radiation. Given that BLR radiation is dominated
by Lyα line photons, we adopt an effective temperature for
the BLR radiation of TBLR = 4.2×10
4 K, so that the energy
density of BLR radiation peaks at ≈ 2.82kBTBLR/h ∼= 2.5×
1015 Hz (corresponding to the mean dimensionless energy
ǫBLR = 2 × 10
−5). We assume an effective temperature for
the IR dust radiation of Tdust = 1000 K (Malmrose et al.
2011), i.e., the mean dimensionless energy ǫdust = 5× 10
−7.
Then we have ǫ′0 = ΓǫBLR for r ≤ 2rBLR, and ǫ
′
0 = Γǫdust
for r > 2rBLR.
We neglect the electron energy loss due to adiabatic ex-
pansion, because in FSRQs the adiabatic cooling with an ex-
panding velocity ∼ 0.1c is relevant only for very low energy
electrons which do not contribute to the radiative output.
In Fig. 1, we show the cooling time (γ′/γ˙′) for syn-
chrotron radiation and EC processes. We use B′ = 1 G, Γ =
30, τBLR = 0.1, τdust = 0.3, and Ldisk = 1.5 × 10
45 erg s−1.
One can find that taking r = 0.8 rBLR, significant KN correc-
tion takes place at γ′ & 1/4ΓǫBLR ∼ 400; taking r = 5 rBLR,
the KN correction takes place at γ′ > 104.
We consider a constant injection during the injection
time t′inj. The injection electron distribution is
Q′(γ′) = Q′0γ
′−sexp(−γ′/γ′cut)H (γ
′; γ′min), (14)
where s is the spectral index, γ′min is the minimum injec-
tion energy, γ′cut is the cut-off energy, and Q
′
0 [s
−1] is the
normalization constant; H (γ′; γ′min) = 1 for γ
′ > γ′min,
otherwise H (γ′; γ′min) = 0.
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Figure 2. Temporal evolution of EED (top panel) and SED (bot-
tom panel) with r0 = 0.8rBLR. The lines from thin to heavy
correspond to t′ = [0.5, 1, 2, 4] × 105 s, respectively. The SSC
component is at t′ = 4× 105 s. We use γ′min = 10
3, γ′cut = 10
4,
Q0 = 4.8× 1049 s−1, s = 2.1, B′ = 1 G, δD = 30, R
′ = 1016 cm,
τBLR = 0.1, τdust = 0.3, and Ldisk = 1.5× 10
45 erg s−1.
We naturally relate r to time by:
r = r0 + ct
′Γ, (15)
where r0 is the distance where the injection starts.
3 NUMERICAL RESULTS
We numerically solve equation (1), adopting the numeri-
cal method given by Chiaberge & Ghisellini (1999). In the
calculations, we use t′esc = t
′
inj = 10
8 s. We calculate
the synchrotron and IC spectra using the methods given
by Dermer & Menon (2009). Synchrotron-self absorption is
taken into account.
MNRAS 000, 1–8 (2015)
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Figure 3. Same as Fig. 2, but with r = r0 = 0.8rBLR.
3.1 Results in fast-cooling regime
In Fig. 2, we show the temporal evolution of EED and
SED in the case of the emission region initially located
inside BLR. One can see that EED develops a very hard
N ′e(γ
′) ∝ γ′
−1.3
form below the minimum injection energy.
This very hard spectrum is different from the standard shape
of N ′(γ′) ∝ γ′
−2
expected in the case of Thomson or syn-
chrotron cooling processes of the form γ˙′ ∝ γ′
2
. The hard-
ening in the electron spectrum is mainly owing to KN en-
ergy losses on the BLR radiation. The minimum energy γ′1
of the emitting electron distribution is affected by the evo-
lution time t′ when t′ < t′esc, which can be evaluated by
the relation t′cool = t
′. In the fast-cooling regime, we have
γ′1 < γ
′
min. The γ-ray spectrum in Fig. 2 is the sum of EC-
BLR and EC-dust components. Below ∼ 1024 Hz, we have a
very hard γ-ray spectrum. When the emission region moves
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Figure 4. Temporal evolution of EED (top panel) and SED (bot-
tom panel) with r0 = 5rBLR. The lines from thin to heavy corre-
spond to t′ = [1, 2, 4]× 105 s, respectively. The other parameters
are same as those in Fig. 2.
outside BLR, i.e., t′ > 105 s, a softening in EED and SED
occurs.
One can see that the variation in EED with time is
significant below γ′cut (see top panel in Fig. 2). The change
in EED leads to the change in synchrotron spectrum below ∼
4× 106B′γ′
2
cutδD Hz, and the change in EC spectrum below
∼ 1020ǫ′0δDγ
′2
cut Hz. Note that EC-BLR spectrum above ∼
1020ǫ′0δDγ
′2
KN ∼ 2.4×10
23 Hz is suppressed by the KN effect,
where γ′KN ∼ 1/4ǫ
′
0. The variation of the X-ray spectrum is
due to the change of γ′1.
In above calculations, the energy density of BLR varies
with time because r ∼ rBLR. In Fig. 3, we show the re-
sults for a constant energy density of BLR (corresponding
to r ≪ rBLR) by fixing r = r0. In this case the electron dis-
tribution above γ′min does not vary with time (see top panel
MNRAS 000, 1–8 (2015)
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Figure 5. Same as Fig. 2, but with γ′min = 3 (corresponding to
the slow-cooling scenario) and Q0 = 1049 s−1.
in Fig. 3). Below γ′min, the distribution obviously hardens at
∼ 1/4ΓǫBLR. When γ
′
1 ≪ 1/4ΓǫBLR, there is a clear shape
N ′e(γ
′) ∝ γ′
−2
between γ′1 and γ
′
∼ 100. Looking at the
evolution of SED, the multifrequency emissions are weakly
variable.
In Fig. 4, we show the temporal evolution of EED and
SED in the case of the emission region located far beyond
the BLR. As expected, a standard shape N ′e(γ
′) ∝ γ′
−2
is
formed below γ′min. The γ-ray spectrum is also softer than
that in Fig. 2.
3.2 Results in slow-cooling regime
For comparison, we revisit the KN effect in the slow-cooling
region (e.g., Dermer & Atoyan 2002; Kusunose & Takahara
2005; Georganopoulos et al. 2006). In Figs. 5 and 6, we show
the results in the slow-cooling regime; no very hard electron
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Figure 6. Same as Fig. 5, but with r = r0 = 0.8rBLR.
spectrum with p < 2 is seen. In a constant BLR radia-
tion case (Fig. 6), it is clear that the EED hardens from
N ′e(γ
′) ∝ γ′
−(s+1)
(s = 2.1) in the Thomson regime to
N ′e(γ
′) ∝ γ′
−2.5
in the KN regime. This produces a flat-
tening in the EC spectrum (see bottom panel in Fig. 6).
This situation is very similar to the flattening in EC spec-
trum in FSRQs shown by Georganopoulos et al. (2006) and
the flattening in synchrotron X-ray spectrum in extended
Chandra jet presented by Dermer & Atoyan (2002).
4 APPLICATION TO THE VERY HARD
γ-RAY SPECTRUM OF 3C 279
We apply our approach to the very hard spectrum with pho-
ton spectral index Γγ ≃ 1.7 of 3C 279 during an extreme
flare (Hayashida et al. 2015). The variability timescale of the
γ-ray flare is estimated to be tvar ≃2 hr (Hayashida et al.
MNRAS 000, 1–8 (2015)
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Figure 7. Modeling the very hard γ-ray spectrum of 3C 279
during 2013 December. The inset in bottom panel shows the de-
tails of modelling at gamma-ray energies. The parameters are
t′inj = 10
8 s, γ′min = 10
3, γ′cut = 10
4, B′ = 0.4 G, δD = 42,
R′ = 7.5 × 1015 cm, Q0 = 2.5 × 1049 s−1, s = 2.2, τBLR = 0.2,
τdust = 0.3, and r0 = 0.8 rBLR.
2015). This timescale is used to constrain the radius of
the emission blob, R′ . ctvarδD/(1 + z). We use Ldisk =
1.5×1045 erg s−1 (Yan, Zhang & Zhang 2015), then we have
rBLR = 1.2× 10
17 cm. We also assume an inefficient escape,
t′esc = 10
8 s1.
A satisfactory modelling to the very hard γ-ray spec-
trum as well as the optical data is seen in Fig. 7; model
parameters can be found in the caption of Fig. 7. No ex-
treme parameter is required. The distance where the injec-
tion starts is r0 = 0.8rBLR. The magnetic field is consis-
1 We tested the EED with different t′esc and found that the escape
term is negligible in our model.
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Figure 8. Same as Fig. 7, but using t′inj = 0.5× 10
5 s.
tent with that in other activities derived by Dermer et al.
(2014) and Yan, Zhang & Zhang (2015); Yan et al. (2016)
who used a static log-parabola EED to model the SEDs
of 3C 279. The comoving frame electron injection power is
L′inj ≈ 7×10
42 erg s−1. The ratio of emitting electron energy
density (at t′ = 0.5 × 105 s) to magnetic energy density is
∼4. The EED develops a clear form of N ′e(γ
′) ∝ γ′
−1.3
below
γ′min when t
′ < 105 s; as the blob moves outside the BLR
(t′ > 105 s) the cooling due to EC-dust becomes relevant,
and consequently a softer EED occurs.
In Fig. 8, we show the temporal evolutions of the SED
and EED when t′ > t′inj = 0.5 × 10
5 s. It is noted that the
optical emission soon becomes undetectable after stopping
the injection (see Fig. 8). We note that the EED is quickly
narrowed after stopping the injection.
MNRAS 000, 1–8 (2015)
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5 SUMMARY AND DISCUSSION
We have fully investigated the evolution of the EED in the
jet of FSRQ using a time-dependent model. We found that
a very hard electron spectrum with p ∼ 1.3 below minimum
injection energy is formed in the fast-cooling scenario owing
to Compton scattering BLR radiation in the KN regime.
This produces a very hard spectrum up to ∼ 5 GeV via in-
verse Compton scattering BLR and dust radiations. As we
showed, our model can reasonably explain the very hard γ-
ray spectrum of 3C 279 observed in the extreme flare during
2013 December. The satisfactory modelling is sensitive to
the γ-ray emission site, and requires the γ-ray emission tak-
ing place inside the BLR. External γγ absorption effects are
unimportant in the Fermi-LAT spectrum of 3C 279, mea-
sured below ≈10 GeV. Absorption on BLR photons can be
important above ∼25 GeV (e.g., Dermer et al. 2014).
Our model expects that X-rays lag optical and γ-ray
emission, which can be tested by future observations. A more
complicated injection rate might be needed to reproduce the
γ-ray light-curve profile. During the extreme γ-ray flare, the
optical emission showed weak variability (Hayashida et al.
2015). The problem of lack of simultaneous optical variabil-
ity might be resolved in the fast-cooling regime where the
electrons making optical emission by synchrotron radiation
do not make a substantial contribution to the LAT spec-
trum.
The impacts of IC scattering in the KN regime
on EED have been investigated by previous studies in
the slow-cooling scenario (e.g., Dermer & Atoyan 2002;
Kusunose & Takahara 2005; Georganopoulos et al. 2006;
Sikora et al. 2009). For comparison, we also revisited this
scenario. We showed that, in the slow-cooling scenario, the
electron distribution becomes harder at ∼ γ′KN with the
spectral index from ∼ s + 1 (s = 2.1 is the index of injec-
tion spectrum ) to ∼ 2.5. This moderate hardening in EED
results in a flat EC-BLR/dust component, which is similar
to the finding in Georganopoulos et al. (2006), also see the
results in Dermer & Atoyan (2002). We do not see a dip in
γ′
2
N ′e(γ
′) distribution presented by Kusunose & Takahara
(2005). We note that Kusunose & Takahara (2005) also ob-
tained a similar flat EC component. However, the formation
mechanisms for such flat spectrum in the Fermi-LAT energy
range are not unique.
The difference between the cooling behaviours in the
Thomson and KN regimes not only affects the EED/γ-ray
spectrum, but also affects the decay of γ-ray light curve. In
the KN regime, cooling time is energy-independent, while in
the Thomson regime cooling time is energy-dependent. This
difference has been proposed to constrain the γ-ray emission
site in FSRQs (Dotson et al. 2012, 2015).
It is interesting to note that the mean Γγ for the Fermi-
LAT detected FSRQs is 2.44±0.20 (Ackermann et al. 2015).
Analyses of the γ-ray spectra with Γγ > 2 and the simulta-
neous optical and X-ray data indicated that γ-ray emissions
of 3C 279 take place outside the BLR (Dermer et al. 2014;
Paliya 2015; Yan, Zhang & Zhang 2015; Yan et al. 2016).
As a last remark, we note that very recently
Uhm & Zhang (2014) and Zhao et al. (2014) showed that
a very hard electron spectrum with p ∼ 1 can be produced
in the fast-cooling regime due to synchrotron radiation in
a strongly decaying magnetic field. This can explain the γ-
ray burst (GRB) prompt emission spectra whose low-energy
photon spectral index has a value ∼ 1.
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